Introduction
============

Common implant materials, including titanium alloys, stainless steel and cobalt-chromium alloys, have considerable advantages in terms of their load-bearing capabilities and resistance to fatigue, wear and corrosion ([@b1-etm-0-0-5389]--[@b3-etm-0-0-5389]). However, these traditional materials also have multiple disadvantages. For instance, their mechanical properties differ from those of natural bone, which may cause stress shielding ([@b4-etm-0-0-5389]--[@b6-etm-0-0-5389]). A second surgery is often required to remove the implant after the tissues have healed, which markedly increases the risk and costs of healthcare ([@b7-etm-0-0-5389],[@b8-etm-0-0-5389]). Furthermore, implant materials release cytotoxic ions and may cause physical irritation due to their rigidity ([@b9-etm-0-0-5389],[@b10-etm-0-0-5389]).

Recently, magnesium and its alloys have attracted increasing interest as innovative biodegradable materials, particularly due to their potential use as temporary orthopedic implants ([@b11-etm-0-0-5389],[@b12-etm-0-0-5389]). The fundamental properties of magnesium make it relatively suitable for this application ([@b13-etm-0-0-5389]); it has low density and elastic modulus, both of which are close to that of natural bone, thus preventing stress shielding during fracture consolidation ([@b14-etm-0-0-5389],[@b15-etm-0-0-5389]). In addition, magnesium is biocompatible and essential for human metabolism as a cofactor for many enzymes ([@b16-etm-0-0-5389]). Notably, magnesium ions that are produced as a result of implant degradation have been reported to aid in the growth and healing of tissues ([@b17-etm-0-0-5389],[@b18-etm-0-0-5389]). Magnesium is well tolerated by the human body and does not induce systemic inflammatory reactions or negatively affect the cellular blood composition ([@b19-etm-0-0-5389]). It also degrades in aqueous solutions, and is prone to degradation in body fluids ([@b20-etm-0-0-5389]); thus, follow-up surgery to remove the implant is not required ([@b21-etm-0-0-5389]). Finally, due to its functional roles and presence in bone tissue, magnesium may exert stimulatory effects on the growth of new bone tissue ([@b21-etm-0-0-5389]--[@b23-etm-0-0-5389]).

Despite these advantageous properties, magnesium and its alloys have not been widely used as human body implants to date. A major drawback is that magnesium alloys tend to corrode rapidly in chloride solutions, including the physiological environment, leading to a loss in their mechanical integrity before their expected service life ([@b1-etm-0-0-5389],[@b23-etm-0-0-5389],[@b24-etm-0-0-5389]). One method of altering the surface and degradation properties without adding a coating material, and thus inducing other potentially irritating materials, is micro-arc oxidation ([@b25-etm-0-0-5389],[@b26-etm-0-0-5389]). This method of surface modification, which is based on the principle of plasma-electrolytic oxidation, produces an increased oxide layer at the surface ([@b27-etm-0-0-5389]). Micro arc-treated magnesium surfaces exhibit improved resistance to corrosion in various environments ([@b28-etm-0-0-5389],[@b29-etm-0-0-5389]). *In vitro* tests in simulated body fluid have repeatedly confirmed the favorable behavior of surface-treated magnesium alloys regarding reduced dissolution and enhanced biocompatibility ([@b30-etm-0-0-5389]).

There has been much research on degradable implants for applications in orthopedics ([@b31-etm-0-0-5389]--[@b34-etm-0-0-5389]), such as those made of polylactic-co-glycolic acid and magnesium alloys. It has been reported that the degradation of implant material and formation of new bone, and notably, the balance between these two processes, are important evaluation indices ([@b35-etm-0-0-5389]). Traditional methods of assessing degradation have unavoidable disadvantages, and the evaluation of new bone formation generally relies on images obtained from histology and radiography, which are imprecise and difficult to analyze quantitatively ([@b36-etm-0-0-5389],[@b37-etm-0-0-5389]). Thus, the present study used images and data from micro-computed tomography (micro-CT), as a non-traumatic, *in vivo*, quantitative and precise process ([@b38-etm-0-0-5389],[@b39-etm-0-0-5389]).

Over the past decade, the number of orthopedic studies that have used micro-CT imaging has increased ([@b40-etm-0-0-5389]--[@b49-etm-0-0-5389]). Higher spatial and temporal resolution are key technical advances that have enabled researchers to capture increasingly detailed anatomical images of small animals and monitor the progression of orthopedic disease in small animal models ([@b38-etm-0-0-5389],[@b50-etm-0-0-5389]). Furthermore, a range of data may be derived from micro-CT, including bone volume (BV), bone mineral content (BMC), bone mineral density (BMD), bone volume fraction (BVF), bone volume/tissue volume (BV/TV), bone surface/bone volume (BS/BV), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp). With the development of radiography methods for the evaluation of implants, measuring the weight loss of implants and histological analysis, as 'traumatic' methods, and micro-CT imaging, as a 'non-traumatic' method, have become mainstream ([@b51-etm-0-0-5389]); however, quantitative analyses and methods that evaluate the association between implant material degradation and new bone formation are still lacking ([@b52-etm-0-0-5389],[@b53-etm-0-0-5389]).

In the present study, micro-CT images and data were used to assess the degradation of micro arc-oxidized AZ31 magnesium alloy implants *in vivo*. Changes in the volume of the AZ31 implants were assessed, and the application of the degradable implant for bone-regeneration was evaluated. By applying micro-arc surface treatment, the initial intention was to decrease the degradation rate of the magnesium implants in the initial post-implantation period and reduce the impact of degradation products on the postoperatively irritated surrounding tissue, then to slow dissolution of the implant material once the implant\'s function became redundant. Generally, a cylinder of the same size and position of the pin was selected as the region of interest (ROI) to analyze the degradation of the material, and a new larger ROI in the same shape and position was selected to observe new bone formation and assess the stimulatory effects of magnesium alloys on bone growth.

Materials and methods
=====================

### Implants

Micro arc-oxidized cylindrical pins (n=60; diameter 2.0 mm, length 6.0 mm, weight 0.500 g) made of AZ31 material were used (Trauson Medical Instrument Co., Ltd., Changzhou, China). AZ31 is a fast-degrading alloy of magnesium with 3 wt.% Al, 1 wt.% Zn and 0.15 wt.% Mn.

### Experimental design

All animal experiments were conducted following ethical guidelines by Ethics Committee of Chinese PLA General Hospital (Beijing, China), obtained international standard authentication-SIDCER ([@b54-etm-0-0-5389]) and were authorized by the Institutes for Food and Drug Control of China and KEYU Animal Experiment Center.

A total of 60 male New Zealand white rabbits (body weight 2.2--2.5 kg, 3 months old) were purchased from KEYU Animal Experiment Center (Beijing, China; accreditation number SCXK(Jing) 2012-0004, certification no. 11400800001109) for the present study. Experiments were performed under standard conditions throughout the study (temperature, 23±2°C; relative humidity, 60±10%; with access to a 12-h light/dark cycle). Rabbits had been ensured adequate food and water. Each rabbit had an AZ31 pin implanted into its right femoral condyle. Rabbits were randomly divided into six groups (n=10), and were sacrificed after 1, 4, 12, 24, 36 or 48 weeks (1 group per time-point). Each pin was weighed prior to implantation and following sacrifice. Micro-CT, 3D reconstruction and histological examinations were performed following sacrifice.

### Surgical procedure

Rabbits were fasted for 12 h prior to surgery and then anesthetized with an intraperitoneal injection of 3% sodium pentobarbital (Sigma-Aldrich; Merck KGaA; Darmstadt, Germany) with a dosage of 24 mg/kg. Surgery was performed under sterile conditions. First, full-thickness lesions were created with 2.0 mm Kirschner pins (Beijing Fule Science & Technology Development Co., Ltd., Beijing, China). AZ31 alloy cylindrical pins were implanted into the defects in the right femoral condyles. All pins were γ-ray-sterilized with 29 kGy of ^60^Co radiation prior to surgery. All rabbits received an intramuscular anti-inflammatory injection with penicillin (Sigma-Aldrich; Merck KGaA) with a dosage of 400,000 U/day following surgery and were housed individually. Postoperatively, the rabbits were allowed to move freely in their cages without external support and with unrestricted weight bearing. Daily clinical observations were made throughout the study period.

### Weighing

Prior to implantation, the AZ31 pins were weighed on an electronic balance (accuracy, ±0.001 g). At 1, 4, 12, 24, 36 or 48 weeks, pins were removed from the femoral condyle and dry machined with clean tools. After machining, the pins were cleaned with pure ethanol in an ultrasonic bath and dried in warm air ([@b23-etm-0-0-5389]). The pins were weighed again and the difference between the pre- and post- implantation weights was calculated. To explore the difference between weight and Micro-CT methods, the pin weight fraction was calculated using the following formula: Weight loss of implanted pins/weight before implantation. Subsequently the pin weight fraction was compared with the pin volume fraction.

### Micro-CT

Micro-CT is an emerging technology that permits non-invasive, tissue-preserving imaging and quantitative morphometry of bone structure in three dimensions ([@b55-etm-0-0-5389]--[@b56-etm-0-0-5389]). Scans were performed with an RS-9 micro-CT (GE Healthcare, Chicago, IL, USA) to assess the condyle before it was placed in 25% formic acid solution for decalcification. The micro-CT system was operated at 80 kV tube voltage and 450 µA tube electric current, with a scan resolution of 45 µm and exposure time of 400 msec. Images were reconstructed and the pin volume, bone volume, BMD, tissue mineral density (TMD), BMC, BVF, BV/TV, BS/BV, Tb.Th, Tb.N, and Tb.Sp were analyzed using the built-in software (Version MicroView Advanced Bone Analysis Application 2.2; GE Healthcare) of the micro-CT equipment at each time point. A cylinder of the same size was selected from the corresponding region around the pins of the femoral condyle ([Fig. 1A-F](#f1-etm-0-0-5389){ref-type="fig"}). A cylindrical ROI was set at each time point, matching the size of the magnesium alloy pins, 2.0 mm in diameter and 6.0 mm in length, ensuring that the ROI and pin fully overlapped ([Fig. 1C](#f1-etm-0-0-5389){ref-type="fig"}). The threshold was set to 850 and the ROI was highlighted using the built-in software ([Fig. 1D](#f1-etm-0-0-5389){ref-type="fig"}). The magnesium alloy was considered as bone tissue to assess degradation of the implant. Similar to the bone volume fraction, the Mg volume fraction was applied as: Degraded alloy pin volume/pin volume before implantation. The BMD and TMD reflected the Mg cylinder mineral and CT image densities, respectively. However, unlike natural bone, the pins had no trabecular, and thus the trabecular meant the thickness of the pin was calculated from the radius of its cross-section. To investigate new bone formation, the previous ROI was replaced with a larger ROI (diameter 2.5 mm, length 6.5 mm) in the same shape and position ([Fig. 1E](#f1-etm-0-0-5389){ref-type="fig"}), from which new bone formation and the stimulatory effects on the growth of new tissue were observed. The threshold was then set at 1,000 and the ROI was highlighted with the built-in software ([Fig. 1F](#f1-etm-0-0-5389){ref-type="fig"}). The maximum inner diameter of the new bone loop in the cross-section of the magnesium pin was selected, and the diameter of the pin was measured with the built-in software at the same position. Magnesium degradation and bone ingrowth were subsequently investigated.

### Histological processing

The femoral condyles were excised and fixed in a 10% buffered neutral formalin solution for 1 week at room temperature at weeks 4, 24 and 48. Following decalcification, the samples were cut in half longitudinally and embedded in paraffin wax. Central sections (5 µm thick) were cut from the femoral condyle with a Leitz 1512 microtome (Leica Microsystems GmbH, Wetzlar, Germany) and stained at room temperature for 10 min with hematoxylin and eosin (H&E) for histological examination. Microscopic images were captured using a light microscope (dotSlide Virtual Slide System; Olympus Corporation, Tokyo, Japan) at ×40, ×100 and ×200 magnification.

### Statistical analysis

Statistical analyses were performed using SPSS software (version 22.0; IBM Corp., Armonk, NY USA). Experimental values were expressed as the mean ± standard deviation and were analyzed using an unpaired Student\'s t-test to determine differences between the pre-implantation value and the post-implantation values at each time point. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Changes in the weight of implant material

According to the weight change of pins at each time point ([Fig. 2](#f2-etm-0-0-5389){ref-type="fig"}), there was almost no weight loss of the implants within the first week (−0.007 g). However, by week 12, significant weight loss of the pins was observed compared with their pre-implantation weights (−0.017 g; P\<0.05; [Fig. 2](#f2-etm-0-0-5389){ref-type="fig"}). During weeks 12--24, the rate of weight loss was markedly increased when compared with weeks 1--4 and 4--12. After week 24, the rate of weight loss gradually decreased. This may be due to the production of new bone during corrosion of the micro arc-oxidized surface at the later time points.

### Micro-CT evaluation of implant degradation

The micro-CT images in [Fig. 3](#f3-etm-0-0-5389){ref-type="fig"} provide examples of the degradation process of an AZ31 implant at each time point. In the first week of the first month, little corrosion was observed, and the boundary of the pin was continuous and smooth ([Fig. 3A](#f3-etm-0-0-5389){ref-type="fig"}). By week 4, the surface of the pin appeared blurred ([Fig. 3B](#f3-etm-0-0-5389){ref-type="fig"}), indicating that the rate of degradation had increased compared with week 1. Corrosion pitting became evident at week 12 ([Fig. 3C](#f3-etm-0-0-5389){ref-type="fig"}), and during weeks 12--24 the surfaces of the pins were surrounded by new bone tissue ([Fig. 3C and D](#f3-etm-0-0-5389){ref-type="fig"}). These results suggest that degradation of the implants accelerated between weeks 4--24 and was markedly faster than that in the first 4 weeks. From week 36, corrosion pitting became more obvious, the boundary of the pin was inconclusive and the corners of the pins became indistinct ([Fig. 3E and F](#f3-etm-0-0-5389){ref-type="fig"}). The images at this point suggested that degradation was still proceeding and the area of corrosion pitting was expanding. The acceleration of the degradation rate was observed at the preexisting corrosion points, and there did not appear to be corrosion at new positions on the surface of the pins. As indicated in [Fig. 3F](#f3-etm-0-0-5389){ref-type="fig"}, corrosion pitting was evident on all surfaces and degradation was clear by week 48. However, the micro-CT images also identified a small amount of hydrogen gas around the pins at weeks 4, 12 and 48 only ([Fig. 3B, C and F](#f3-etm-0-0-5389){ref-type="fig"}), however, no apparent trend was observed.

Similar to the micro-CT images, the data exported from the built-in software of the micro-CT equipment provided precise results ([Fig. 4](#f4-etm-0-0-5389){ref-type="fig"}). The pin volume fraction was ≥99.0% during the first month of the study, indicating that degradation was slow and minor, and remained above 96.5% until week 12, after which the volume fractions were significantly lower when compared with the pre-implantation value (P\<0.05; [Fig. 4A](#f4-etm-0-0-5389){ref-type="fig"}). From week 12 to 24, the pin volume fraction decreased markedly faster than in the first 3 months, and reached 91.2% by week 24. During this period, the micro arc-oxidized surface was being degraded and new bone tissue had not yet been sufficiently produced ([Fig. 3A-D](#f3-etm-0-0-5389){ref-type="fig"}). After week 24, the rate of decrease slowed, and during the final 24 weeks, pin volume fraction only decreased by 2.25% ([Fig. 4A](#f4-etm-0-0-5389){ref-type="fig"}). This may have been due to enclosure of the residual pin by new bone tissue, thus reducing contact between the metal and tissue fluid.

The AZ31 magnesium alloy pin was regarded as bone to analyze the BMD and TMD, which reflected the Mg cylinder mineral and CT image densities, respectively. The Mg cylinder mineral density continuously decreased throughout the study period, degrading most rapidly between weeks 12 and 24. From week 12, the Mg cylinder material densities were significantly decreased compared with the pre-implantation value (P\<0.05; [Fig. 4B](#f4-etm-0-0-5389){ref-type="fig"}), and by week 48 it had reached 403.1424 mg/cc. By contrast, no significant change was observed in the pin CT image density, which started at 683.6439 (week 1) and ended at 644.9468 mg/cc (week 48; [Fig. 4B](#f4-etm-0-0-5389){ref-type="fig"}). These results indicate that Mg content decreased as the implant degraded, while the density of the material underwent little change.

During degradation, the volume of the pin decreased, most notably during weeks 12--24 ([Fig. 4A](#f4-etm-0-0-5389){ref-type="fig"}). Furthermore, with corrosion pitting, the surface of the pins became rough ([Fig. 3C-F](#f3-etm-0-0-5389){ref-type="fig"}), which may increase the superficial area. Thus, the ratio between the surface area and volume of the pins increased throughout the study period, and were significantly higher compared with the pre-implantation value from week 24 (P\<0.05; [Fig. 4C](#f4-etm-0-0-5389){ref-type="fig"}). However, the surface area of the pins was preserved during the first 4 weeks ([Fig. 4C](#f4-etm-0-0-5389){ref-type="fig"}). Unlike natural bone, the pins had no trabecular, and thus the trabecular mean thickness of the pin was calculated from the radius of its cross-section, and theoretically should be 1.0 mm. The computer creates a theoretical line that automatically runs through the longitudinal axis of the AZ31 pin, and the radius of its cross-section represents the pin\'s mean thickness. During the period investigated, degradation of the pins and increased corrosion pitting on the surface resulted in a decrease in the pin radius. The thickness of the pre-implantation pin was 1.0 mm and remained above 0.925 mm up to week 12, from which point it was significantly decreased compared with the pre-implantation value (P\<0.05; [Fig. 4D](#f4-etm-0-0-5389){ref-type="fig"}). During weeks 24--36, the thickness decreased more slowly than in 1--24 weeks, and during weeks 36--48, a slight increase in pin thickness was observed. This may have been due to the stimulatory effects of magnesium on the growth of new bone tissue at the metal corrosion loci.

To analyze pin degradation, the changes in pin weight fraction and volume fraction over the 48 weeks was plotted ([Fig. 5](#f5-etm-0-0-5389){ref-type="fig"}). The results of two methods used (weighing and Micro-CT) to calculate amount of remaining pin were similar: both the weight and volume of the pins decreased over the 48 weeks, and during weeks 12--24, the decrease of the weight and volume of the pin was markedly fast. However, the data were not wholly consistent: at each time point, the quantity of magnesium corrosion by weight was significantly greater than by volume (P\<0.05; [Fig. 5](#f5-etm-0-0-5389){ref-type="fig"}).

### Micro-CT evaluation of bone formation

A new, larger ROI was subsequently selected in the same shape and position as the original ROI ([Fig. 1E](#f1-etm-0-0-5389){ref-type="fig"}), from which new bone formation and the stimulatory effects on bone tissue growth were observed. The threshold was set at 1,000, and the new ROI was highlighted with the built-in software ([Fig. 1F](#f1-etm-0-0-5389){ref-type="fig"}). Before week 12, the majority of new bone formation occurred longitudinally on the surface of the metal, and the new bone appeared fragmentary and small ([Fig. 6A and B](#f6-etm-0-0-5389){ref-type="fig"}). From week 4, a small amount of new bone began to grow transversely, and at the junction of the longitudinal and transverse profiles ([Fig. 6B](#f6-etm-0-0-5389){ref-type="fig"}). Furthermore, the majority of new bone growth started at the bottom of the pin, which was in contact with the host cortical bone ([Fig. 6B and C](#f6-etm-0-0-5389){ref-type="fig"}). From week 12, more new bone was formed, and by week 48, the pin was almost surrounded ([Fig. 6C-E](#f6-etm-0-0-5389){ref-type="fig"}). The new bone growth was progressive and increased in all directions.

The data exported from the built-in software of the micro-CT equipment provided further precise results ([Fig. 7](#f7-etm-0-0-5389){ref-type="fig"}). As indicated in [Fig. 7A](#f7-etm-0-0-5389){ref-type="fig"}, from week 12, BVF values were significantly increased compared with the pre-implantation value (P\<0.05). In addition, it was observed that osteogenesis increased slowly before week 24, while from week 24 to 36, the rate of new bone formation markedly increased ([Fig. 7A](#f7-etm-0-0-5389){ref-type="fig"}). This may have been due to a faster corrosion rate and the stimulatory effects of released magnesium on the growth of new bone tissue. From week 36 to 48, the increase in BVF gradually slowed ([Fig. 7A](#f7-etm-0-0-5389){ref-type="fig"}). This may be explained, to some extent, by the new bone preventing the magnesium alloy from degrading, to the disadvantage of further new bone formation. As new bone was produced, the superficial area of the ROI increased, and the ratio between the superficial area and volume of new bone (BS/BV) decreased, with significantly lower values of BS/BV observed from week 24 (P\<0.05; [Fig. 7B](#f7-etm-0-0-5389){ref-type="fig"}). This indicates that the new bone was gradually transforming from cribrate to compact. [Fig. 7C-E](#f7-etm-0-0-5389){ref-type="fig"} illustrates the thickness, separation, and number of trabecular in the new bone over time. As the pin degraded, trabecular thickness and number significantly increased and separation significantly decreased from week 12 onwards (P\<0.05; [Fig. 7C-E](#f7-etm-0-0-5389){ref-type="fig"}). Concurrently to these changes, the TMD of new bone surrounding the pin significantly increased ([Fig. 7F](#f7-etm-0-0-5389){ref-type="fig"}; P\<0.05), indicating that the number of bones and new bone density increased as magnesium degraded.

In the cross-section of the magnesium pin, the maximum inner diameter of the new bone loop ([Fig. 8A](#f8-etm-0-0-5389){ref-type="fig"}) and the diameter of the pin in the same position ([Fig. 8B](#f8-etm-0-0-5389){ref-type="fig"}) were measured. During degradation, the diameter of the magnesium pin decreased. Theoretically, a firm attachment between the pin and new bone would cause the maximum inner diameter of the new bone loop to diminish, possibly faster than the diameter of the pin. As depicted in [Fig. 9](#f9-etm-0-0-5389){ref-type="fig"}, the diameter of the magnesium pin decreased with degradation, from 1.98 mm in week 1 to 1.92 mm in week 48; however, no trend was observed in the maximum inner diameter of the new bone loop (max: 2.34 mm, week 36; min: 2.08 mm, week 1), instead of the expected downtrend. The two curves indicated that bridges had not been not adequately created by bone formation between the pin and surrounding tissues, although some bone and tissue contacts had appeared. It is probable that the biomaterials were not firmly attached to the surrounding tissues due to inadequate holding forces. This suggests that the magnesium alloy was not capable of creating sufficient bridges between the bones and biomaterials when there were preexisting gaps.

To investigate the association between material degradation and novel bone formation, the changes in pin volume fraction and bone volume fraction with time were plotted ([Fig. 10](#f10-etm-0-0-5389){ref-type="fig"}). During the experiment, both rates were slow, and from week 1 to week 48, the volume of the magnesium alloy at each time point decreased by 10.58% (from 99.23 to 88.65%), whereas the volume of novel bone had increased by 21.54% (from 6.39 to 27.93%). By the end of the study, there was no intersection of the two curves ([Fig. 10](#f10-etm-0-0-5389){ref-type="fig"}).

### Histological evaluation

H&E staining was performed at weeks 4, 24 and 48. There were no apparent inflammatory cells surrounding the implants; however, chondrocytes and osteocytes were observed. No changes in the morphology of these cells between samples at 4, 24 and 48 weeks was observed ([Fig. 11](#f11-etm-0-0-5389){ref-type="fig"}). Thus, there were no apparent inflammatory response around the implants. These findings suggested that the AZ31 magnesium alloys may be safe in human body.

Discussion
==========

Metallic materials serve an essential role as biomaterials for the repair or replacement of diseased bone. Magnesium and its alloys have been investigated in recent years due to their advantages over other materials, such as titanium alloys and stainless steel ([@b57-etm-0-0-5389],[@b58-etm-0-0-5389]). However, due to the electrochemical activity of magnesium and its alloys in physiological solutions, it is necessary to control the rate of corrosion for safe application in the human body ([@b59-etm-0-0-5389]). Thus, the development of suitable strategies to enhance the corrosion resistance of magnesium alloys is important. A number of preventative measures have been proposed and are being adopted to overcome corrosion problems. While many previous studies have focused on surface-modified magnesium alloys, protective coatings must be nontoxic for orthopedic applications, and should ideally improve the biocompatibility/bioactivity of the implant ([@b1-etm-0-0-5389],[@b3-etm-0-0-5389],[@b59-etm-0-0-5389]). In the present study, AZ31 magnesium (alloyed with 3 wt.% Al, 1 wt.% Zn and 0.15 wt.% Mn) with a micro-arc surface treatment was evaluated *in vivo*.

The degradation of the AZ31 magnesium alloy was examined. It was demonstrated that, at 48 weeks, the total weight loss of the magnesium was only 0.058 g, and the pin volume fraction remained at 88.66%. This may have been due to the formation of new bone around the pins, decreasing the rate of degradation at later time points. In the first 4 weeks corrosion was slow, probably due to protection by the micro arc-oxidized surface, whereas during weeks 12 to 24, the surface of the magnesium alloy may have become damaged, as indicated by an increase in corrosion. However, as the alloy degraded, it is possible that high levels of released magnesium stimulated the formation of new bone. After week 36, new bone tissue around the pins formed an enclosed space, which may have reduced contact between the pins and interstitial fluid and again slowed degradation.

The weight fraction was calculated based on the weight loss of the pins at each time point and compared with the volume fraction. The two methods used to calculate the amount of remaining pin were not wholly consistent; at each time point, the quantity of magnesium corrosion by weight was greater than by volume. Micro-CT is non-traumatic, which should improve the accuracy of the results; however, the same precision cannot be guaranteed with measurements based on weight loss. Prior to weighing, pins were isolated from the femoral condyle, dry-machined with cleaning tools, cleaned in ethanol in an ultrasonic bath and dried in warm air ([@b23-etm-0-0-5389]). Each of these steps may lead to a loss of material. Therefore, micro-CT was selected as the gold standard in the present study. To investigate the association between material degradation and new bone formation, the changes in pin volume fraction and bone volume fraction with time were plotted. During the experiment, both rates were slow, and at the end of week 48, the volume of the magnesium alloy had decreased by 10.58%, whereas the volume of new bone had increased by 21.54%. However, by the end of the study, there was no intersection of the two curves.

Magnesium exposed to a typical atmosphere will develop a gray oxide film of magnesium hydroxide \[Mg(OH)~2~\], which slows further corrosion ([@b60-etm-0-0-5389],[@b61-etm-0-0-5389]). Mg(OH)~2~ films are slightly soluble in water; however, severe corrosion occurs in aqueous physiological environments where chloride ions are present at levels (on the order of 150 mmol/l), as Mg(OH)~2~ reacts with Cl^−^ to form highly soluble magnesium chloride and hydrogen gas ([@b62-etm-0-0-5389]). The following reactions summarize the corrosion of magnesium ([@b1-etm-0-0-5389],[@b63-etm-0-0-5389]):

Mg~(s)~+2H~2~O~(aq)~ ↔ Mg(OH)~2(s)~+H~2(g)~ (i)

Equations (ii)-(iv) show the partial reactions:

Mg~(s)~ ↔ Mg^2+^~(aq)~+2e^−^ (anodic reaction; ii)

2H~2~O~(aq)~+2e^−^ ↔ H~2(g)~+2 OH^−^ ~(aq)~ (cathodic reaction; iii)

Mg^2+^~(aq)~+2OH^−^~(aq)~ ↔ Mg(OH)~2(s)~ (product formation; iv)

This hydrogenation results in an alkaline environment that raises the pH, which is harmful to cells and decreases cell viability ([@b64-etm-0-0-5389]).

In the present study, implant degradation occurred at a slower rate than expected. This potentially reduced the rate of hydrogen gas production, and enabled the hydrogen to be absorbed before it accumulated ([@b65-etm-0-0-5389]). The micro-CT images identified a small amount of hydrogen gas around the pins at weeks 4, 12 and 48 only, and no apparent trend was observed.

The micro-CT results included both images and numerical data. The images indicated the shape of the pins and the corrosion pitting on the surface (black spots on the white surface with high signals) at each time point, and new bone formation around the pins. The numerical data indicated that the degradation of magnesium pins had undergone a 'slow-quick-slow' process, and that magnesium had stimulatory effects on the growth of new bone tissue.

Micro-CT imaging and data analysis were used to assess the consequences of degradation of micro-arc-oxidized AZ31 magnesium alloy used in bone implants. It also identified increasing amounts of new bone around the alloy during the experiment, and as the magnesium degraded, both the number of bones and new bone density increased. The micro-CT data demonstrated decreases in pin volume, mineral density, mean 'pin thickness', BS/BV, Tb.Sp, and increases in pin surface area/pin volume, BVF, Tb.Th, Tb.N and TMD, indicating a positive effect of magnesium on osteogenesis. However, the data indicated that the magnesium alloy was not capable of creating sufficient bridges between the bones and biomaterials when there were preexisting gaps. In terms of the biological safety, there were no apparent inflammatory responses around the implants.

Overall, the results of the present study suggest that the AZ31 magnesium had a long degradation period. Further experiments should be performed to explore the degradation of AZ31 pins lacking prior surface treatment and the biomechanics of magnesium alloys.
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![In vivo weight loss of implanted AZ31 pins during the study period. \*P\<0.05 vs. prior to implantation.](etm-15-01-0093-g01){#f2-etm-0-0-5389}

![Region of interest and degradation of the magnesium alloy pins at (A) 1, (B) 4, (C) 12, (D) 24, (E) 36 and (F) 48 weeks. The pins degraded over time at different rates over the course of the experiment. Red arrows indicate corrosion pitting. Yellow arrows indicated hydrogen gas.](etm-15-01-0093-g02){#f3-etm-0-0-5389}

![In vivo degradation of implanted AZ31 pins during the study period, assessed via micro-CT measurements. (A) Pin volume fraction. (B) Alloy cylinder mineral density and CT image density. (C) Ratio of the surface area and volume. (D) Mean thickness of the pin. CT, computed tomography. \*P\<0.05 vs. prior to implantation.](etm-15-01-0093-g03){#f4-etm-0-0-5389}

![Weight fraction and volume fraction of the AZ31 magnesium alloy pins. \*P\<0.05 vs. prior to implantation.](etm-15-01-0093-g04){#f5-etm-0-0-5389}

![After blanking the previous ROI, a new larger ROI was selected (diameter=2.5 and length=6.5 mm) in the same shape and same position to observe new bone formation and assess the stimulatory effects of magnesium alloy on the growth of new bone tissue. New bone formed over time at different rates throughout the experiment. Representative micro-computed tomography images from (A) 1, (B) 4, (C) 12, (D) 24, (E) 36 and (F) 48 weeks are shown. Yellow arrows indicate new bone.](etm-15-01-0093-g05){#f6-etm-0-0-5389}

![In vivo bone formation around the pins during the study period, assessed via micro-CT measurements. (A) BVF, (B) BS/BV. (C) Calib. Tb.Th., (D) Calib. Tb.Sp., (E) Tb.N and (F) TMD of new bone. \*P\<0.05 vs. prior to implantation. BVF, bone volume fraction; BS/BV, bone surface/bone volume; Calib, calibrated; Tb., trabecular; Th., thickness; Sp., separation; N., number; TMD, tissue mineral density.](etm-15-01-0093-g06){#f7-etm-0-0-5389}

![Micro-computed tomography images of the cross-section of the magnesium pin (week 36). (A) Maximum inner diameter of the new bone loop (orange line, 2.34 mm) and (B) Diameter of the pin (orange line, 1.94 mm) at the same position. Red arrows indicate the magnesium-alloy pin and the yellow arrow indicates bone formation around the pin.](etm-15-01-0093-g07){#f8-etm-0-0-5389}

![Maximum inner diameter of the new bone loop and diameter of the pin at the same position at each time point.](etm-15-01-0093-g08){#f9-etm-0-0-5389}

![Pin volume fraction and bone volume fraction. At the end of the study, there was no intersection of the two curves.](etm-15-01-0093-g09){#f10-etm-0-0-5389}

![Hematoxylin and eosin staining of the tissue surrounding the pin. (A) The hole in the middle represents the position of the pin (at 24 weeks). Tissue samples from (B) 4, (C) 24 and (D) 48 weeks.](etm-15-01-0093-g10){#f11-etm-0-0-5389}
